The aim of this project was to develop high performance polymer microfluidic chips with reduced complexity for Electrospray Ionization Mass Spectrometry (ESI-MS) analysis. This paper presents the fabrication and testing of developed hot embossed open channel polymer microfluidic chips for ESI-MS. Hot embossing was done using a laser machined steel tool and an electroformed nickel tool on polystyrene (PS) and polycarbonate (PC) substrates. Stable electrosprays were generated at microchannel exits of replicated microchips without cover using a high voltage difference between a positive stainless steel electrode in the reservoir and a negative aluminum plate. Electrospray parameters such as; nozzle tip distance from counter electrode, ESI onset potential and duration were investigated. For open channel systems, the results show that the electric field for stable ES directly relates to the distance between the channel tip and counter electrode, onset potential applied and to the flow velocity of the test solution in the microchannel. Fluid is delivered as a result of electroosmosis due to an applied electric field and capillary action, thereby eliminating the need for external pressure devices. From experimental results, for an open-channel of 100μm width, 100μm depth, length 12.5mm attached to an open reservoir of diameter 2 mm, the optimum distance between the channel exit tip and counter electrode is 1.2 mm for initiation of electrospray at voltage of ~2000 volts. The laser machined steel tool was found to be more durable than the nickel tool for PS/PC microstructure fabrication.
INTRODUCTION
Electrospray Ionization Mass Spectrometry (ESI-MS) systems with a demand for a very high number of devices are emerging, which stimulates development in the microfabrication industry. The driving force behind this development is the advancement and commercialization of microfluidics with its applications in analytical chemistry, proteomics, genomics, drug discovery, health and agriculture, defense, diagnostics of complex samples and biochemistry. All these fields demand a high number of microchips devices used for fluid analysis at low manufacturing cost and time. Some of the existing ESI interfaces developed for transferring the fluid samples at the inlet of MS include the glass chip with a fused silica capillary attached 1 , and monolithic silicon nozzles fabricated as ESI emitter tips 2 .Despite the demonstrated applicability of existing ESI interfaces based on the attachment of a capillary or a microsprayer on a chip, devices suitable for direct electrospraying from the microchannel tips are of interest for many reasons. Firstly, gluing of capillaries and needles on chip is time-consuming and not possible to perform as part of a micro-machining process 3 . Secondly, the aims are to obtain more reproducible mass fabricated devices, to minimize system complexity and to eliminate dead volume related to the external connections. Electrospray was demonstrated from the flat edge of a glass chip 4 . Spray was received from silicon chips with parylene tips 5 . Polymeric materials have been used to fabricate the ESI-MS chip. The advantages in the use of polymers are low material cost, easy surface modification, light weight, chemically inert to common reagents, easily bonded, and low conductivity. Furthermore, polymer fabrication technologies can reduce the cost due to replication methods and can be used for disposable devices such as biochips.
Various replication methods have been reported which includes hot embossing [6] [7] [8] , injection molding 9. Emitter tips from thermoplastic chips have been created mechanically with abrasion 10 . Tips suited for mass production have been cast together with the microchannel in PDMS 11 . Electrospray from plastic chips without cover was also presented [12] [13] [14] . The issues with conventional ESI-MS systems include the contamination and clogging of the microchannel tip due to the electrochemical process at the emitter tips. Therefore, the focus is on fabrication of high performance ESI-MS devices manufactured using mass-production techniques like hot embossing.
The aim of this work was to develop a microchip for ESI that would function as a standalone device without any external assistance for fluid delivery or spray stabilization and which would provide high sensitivity and stable electrospray. In our previous study 15 , we have reported testing of PS/PC substrates fabricated by common workshop techniques for electrospray demonstration. Our work is similar to Shiea et al 12 who produced an electrospray from sharp tip open channels fabricated by dragging a knife on PMMA sheet. Furthermore, in their work, they suggested that there was no significant difference detected in the ion signal stability or the onset voltage of the ES generated from channel exits fabricated with different tip angles. In this work, ES is produced at the hot embossed microchannel exit tip without a cover. The hot embossed microchannel is attached to a hot embossed open reservoir. In addition, our work adds to a detailed investigation on ES parameters influencing the initiation and formation of Taylor cone shape and size for open channel systems. Shinohara et al. 16 investigated the influence of hot embossed bonded channel tip angle on Taylor cone formation. They stated that the success rate of Taylor cone formation increased with decreased tip angle. Arscott et al 14 concluded that the performance of the nib sources were seen to be linked to the slot dimensions; the smaller slot dimension, the better the performance of SU-8 micronibs. While a high voltage is applied near the tip, a Taylor cone could be formed. The size of the cone depends on the geometry and wetted area 17 . Chiou et al 17 investigated the effect of the tip on the size of the Taylor cone. The relationship between the outer diameter of the capillary and the height of the Taylor cone was plotted and indicates that the geometric shape of the Taylor cone is a strong function of the outer diameter capillary. Kebarle 18 proposed that the required ES voltage is a function of the radius of spraying capillary as well as the surface tension of spraying liquid.
In this study, we examined whether for an open channel ESI system, the gap which is the distance of the channel tip from the counter electrode plays a significant role in initiation and stability of ES. This is due to the fact that as it is an open channel, the electric fields are stronger if the counter electrode is close to the tip for initiation and onset of ES. In this work, the hot embossed open channel connected to a hot embossed reservoir is experimentally observed to be hydrophilic as the fluid is delivered by electroosmosis and capillary forces. The goal was to find a fast and reliable replication approach for fabricating the master tool for the hot embossing process as the traditional electroforming method used was long and expensive with many pre-processing steps. The electrospray experimental parameters influencing the stability of Taylor cone formation at the microchannel tip were evaluated and the results confirm the optimal chip interface distance for stable electrospray. It is also demonstrated that the distance between the channel exit and counter plate directly relates to the onset voltage. The following section 2 describes the basic ESI process, the electrokinetic phenomena, a review of ESI-MS chips developed using various techniques and the proposed polymer microfluidic chip developed in this project.
ELECTROSPRAY IONIZATION MASS SPECTROMETRY (ESI-MS) REVIEW

ESI Theory
Electrospray ionization (ESI) generates ions for mass-spectrometric analysis of various chemical or biological fluid samples. The ESI process involves the emission of a liquid into a capillary at the input of a mass spectrometer from the spray tip that is subjected to an electrical potential as shown in figure 1 . The high electrical field generated induces charges on the surface of the liquid in the area of the spray tip. When this field is high enough, the liquid at the tip takes on the shape of a cone referred to as a Taylor cone. The spraying of the fluid substance in the vicinity or area of the spray tip generally occurs when the coulombic forces are great enough to overcome the surface tension forces present in the liquid. This spray occurs in the form of a thin jet of liquid at the tip of the Taylor cone 19 .
OH VOLTOG Electrospray in open channel systems is an electrokinetic phenomenon where liquid in the presence of an electric field sprays at the channel exit when the columbic forces are greater than the surface tension of the liquid. For a rectangular channel and when no external pressure applied, the flow velocity is described as
Where V is the flow velocity, E is the axial electric field, μ eo is the electroosmotic mobility, ζ is the zeta potential of the surface and z is the co-ordinate normal to the channel wall. The theory of von Smoluchowski specifies the electroosmotic mobility µ eo of an electrolyte solution along a flat charge surface under the influence of an electric field, E, as
where, ε o is permittivity of vacuum, ε r is dielectric constant and η is the viscosity of the electrolyte solution, respectively.
, substituting in equation 1, the flow velocity is described as,
It may be assumed that along the microchannel wall, the liquid slips with a velocity
. This is considered as the boundary condition for the equations of electrokinetic fluid motion. The electric field directly relates to the flow velocity of the fluid in the channel.
Review of ESI-MS chips developed using various techniques
To date, various microfluidic chips have been coupled to various ionization interfaces and to different mass analyzers. The chip can be single or multi-channel, and can be fabricated using various procedures. The following Table 1 describes the electrospray ionization interfaces developed. The following are some of the selected references. Due to space limit only a few are reported here. Hot embossing and lowtemperature direct bonding.
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Proposed polymer ESI-MS chip
Extensive literature review showed the need for a high performance electrospray device to be fabricated using largescale manufacturing techniques like injection molding and hot embossing process. In this work, the hot embossed open channel attached to a hot embossed open reservoir on PS & PC substrates is experimentally observed to be hydrophilic -lw1 d as the fluid is delivered by electroosmosis and capillary forces and the microchips can demonstrate good ESI performance at relatively low voltages. Details including design, fabrication as well as operation of the microfluidic chip, are presented in the following section 3.
EXPERIMENTAL PROCEDURE
Design of polymer microchip
A polymer microchip was designed with a microchannel exit angle of 90°. The following Figure 2 , illustrates the basic chip design which was mass-manufactured using hot embossing. For hot embossing process, the tool was designed with a microchannel and reservoir feature attached. The master tool has six radially arranged tools on a single surface. Accordingly, six different dimension microchips can be obtained in a single embossing run. The dimensions of the microchip were chosen based on our previous study 15 and is described in Table 2 . The length of the tool was made 2mm longer to ensure proper embossing at the channel exits. 
Fabrication of Master Tools and Polymer Substrates
Polystyrene (PS) and polycarbonate (PC) material of dimensions 8 inch diameter and 64mm x 64mm x 2mm substrates were used for fabrication of polymer ESI-MS chips. For proper embossing, the 8 inch diameter polymer substrate was prepared by laser cutting, to be aligned with an 8 inch electroformed nickel tool. The electroformed tool was manufactured by the following steps. The design patterns were laser ablated into a polycarbonate master using Exitech S8000 Excimer laser system and then silver sprayed and electroplated using a Digital Matrix HG1003 nickel plating system. The electroplated tool was build up to a thickness of 300µm. Prior to the hot embossing process, the electroformed tool and polymer is aligned using 3 pin alignment. A separate 64mm x 64mm polymer substrate was prepared by CNC milling of 2mm slots to be aligned with the 64mm x 64mm laser machined steel tool. The tool was made on a Deckel Maho Laser Machining Center which has 6 axes, 400x300x500mm3 working volume and uses Nd: YAG laser with 100 W power to removes layers of 0.002mm thickness. The tool was made by laser ablation of around 88 layers which requires about 26 hours to machine the steel tool having six chip designs arranged in a radial pattern. Later, two pin alignment features on the tool were added to locate the tool pattern on the chips. Subsequent to hot embossing, the replicated polymer substrate has six microchips with channel exits as described in section 3.3.
Hot Embossing of Microfluidic Chips
A series of hot embossing experiments were done on a computer controlled EVG 520 hot embosser in class 1000 cleanroom using the electroformed nickel tool and the laser machined steel tool on PS and PC substrates. The major embossing parameters (Table 3) such as embossing force, temperature and time were selected based on the embossing surface area, previous experience and data from literature. The PS/PC substrates were baked at 80°C prior to embossing to minimize outgassing during embossing. Six different design microchips can be obtained in a single embossing run. Prior to embossing the polymer substrate was prepared with 2mm slots to align the tool with the microchip exit angle of 90°. The slot allowed differential thermal expansion between the master and the substrate while maintaining good alignment. The embossed PS/PC chips were separated and subsequently tested for electrospray demonstration. Figure 3 shows the embossed substrates formed using laser machined steel tool. The embossed PS/PC chips formed using the electroformed tool was subsequently tested for electrospray demonstration.
Characterization of Masters and Replicas
The dimensions of the tool raised channels and the replicated shape on the polymer substrate were measured by a Laser Scanning Confocal Microscope (LSCM) ) (Olympus OLS1200) and a Scanning Electron Microscope (SEM), type Zeiss SUPRA 40 VB, Field Emission Gun. For SEM analysis, the microchips were gold coated using the sputtering equipment: Kurt .J. Lesker CMS -18 Model. The results are presented in section 4.1.
ESI Experiments
Prior to ES testing, the hot embossed chips were cleaned in an ultrasonic bath using ethanol for 10 minutes. The high voltage power supply (Stanford Research Systems PS 300) was used to provide up to 5000 V dc for the experiments. The positive terminal of high voltage was connected to a stainless steel electrode inserted in the reservoir and the negative was connected to the multimeter, which was connected in series to the counter electrode (aluminum plate). In the ES experiments, the first step was to set the gap between the channel exit and the counter electrode. This was done using a digital vernier. Secondly, a fluid droplet was added to the reservoir by a micropipette, and the high voltage was switched on. The fluid solution used for all the ES experiments was methanol/water (70/30). The solution travels from the reservoir to the channel tip by capillary action and the voltage is increased in uniform increments until electrospray is initiated at the tip of the channel. A high powered microscope arranged on top of the microchannel exit to record the formation of the Taylor cone and observe the electrospray. The onset and duration of the electrospray was observed by the measurement of current using a multimeter and the video microscope. The fluid accumulated at the aluminum plate as a result of electrospray phenomenon. Next, the distance between the channel exit and counter electrode was changed
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Width ofm crohnncl (mon) and the same procedure was carried out. Stable and fine Taylor cones were recorded at the channel exits of hot embossed polystyrene and polycarbonate substrates as described in section 4.3.
EXPERIMENTAL RESULTS
The results are classified into four sections, which consist of characterization of master tools and PS/PC chips, contact angle measurements of embossed surfaces, ESI measurements, and the evaluation of embossed PS/PC chips for electrospray performance.
Characterization of Masters and PS/PC replicas
The following Figure 5 shows the LSCM image of laser machined steel tool and the embossed channel on PS substrate.The images show less burrs on the tool and accurate replication of microchannel. After hot embossing of PS chips using the electroformed nickel shim, the reservoir feature of the thin electroformed tool dipped in and the tool was permanently deformed. In this case, the laser machined tool was found to be more durable and could be re-used. Also, the time and cost for making the laser machined tool as embossing master was considerably less when compared to the expensive electroformed nickel shim. Figure 7 shows the laser machined tool hot embossed 2mm reservoir and the microchannel. The embossed PS/PC substrates in figure 7 show smooth surfaces and were tested for hydrophilicity by doing the contact angle measurements as explained in section 4.2. 
Contact Angle Measurements on Embossed Substrates
When polymeric chips are used for ESI-MS analysis, there might be MS signals resulting from the organic contaminants in the polymer substrate, and they are called chemical noises 24 . However, after washing the chip to remove organic contaminants resulting from the chip fabrication, the chemical noises are much reduced. In this project, prior to electrospray testing, the hot embossed chips were cleaned in an ultrasonic bath using ethanol for 10 minutes. From experimental observations, this accelerates the capillary action of the fluid from the reservoir to the tip of the channel. In our previous study, we have UV treated the chips to accelerate the capillary action. In this paper, the hot embossed samples were observed to be hydrophilic. The hot embossed surfaces were tested for contact angle measurements using water as the test solution on a goniometer. The average contact angle measured on the embossed surface was ~ 40°-42° which indicates that the surface is moderately hydrophilic and the embossed chips were tested for capillary action using methanol/water (70/30) as the test solution. Surface tension can be a powerful force at the micrometer scale 25 . The equivalent pressure due to surface tension is given by the Laplace law, r P θ γ cos 2 = Where θ is the contact angle between the liquid and the surface and r is the radius of curvature of the interface. The contact angle between fluid and surface depends on the specific surface treatment, but if cos θ = 1 it is a hydrophilic surface 25 and if the surface is hydrophobic, then this is the pressure one needs to just begin to force water into the channel. The surface energy can be used to drive liquid through the device by the attractive energy between the fluid and the surface. In this work, fluid is transferred from reservoir to microchannel as a result of capillary forces and electroosmosis, thus eliminating the need for external pressure devices. The next step was to test the embossed chips for electrospray which is described in section 4.3.
ESI Measurements
The embossed chips were tested for ES demonstration by using methanol/water (70/30) as the test solution. The positive of high voltage was attached to a stainless steel electrode wire inserted in the reservoir and the negative was attached to the aluminum plate. The next step was to set the gap which is the distance between the aluminum plate and counter electrode. The following Table 4 describes electrospray recorded at different gaps, onset voltage, current and Taylor cone formation for various chip prototypes made using the laser machined tool. The laser machined tool and electroformed tool embossed PS/PC chips demonstrate good ESI performances in terms of initiation and stability of Taylor cone formation at the channel tips. Also, the results show a direct relationship between the gap and onset voltage for open channel system. This is described in section 4.4. 
Performance of PS/PC chips for ESI
From the ES experiments, the distance between channel exit and counter electrode play a significant role in the initiation of electrospray and the spray was generated at low voltages when the counter electrode was near the channel tip. Figure  8 illustrates ES generated at particular onset voltages, at different gaps for various chip prototypes. In this work, for hot embossed PS/PC substrates, if the distance between the channel exit and counter electrode is set to 1.2 mm, ES can be initiated and maintained at a voltage of ~2000 volts.
DISCUSSION OF RESULTS
A crucial aspect for successful fabrication of ESI interfaces is the formulation, initiation and maintenance of a stable ES. ESI stability depends on a number of factors including the flow rate, surface tension, onset voltage, gap and other experimental conditions. It is well-known that a narrow and drawn capillary tip is optimum for generation of a stable ES 26 . Wang et al 26 described how the size of the Taylor cone is governed by the tip orifice geometry and the formation of the cone is governed by electrical potential. In this work, some of hot embossed microchannels were not aligned to the channel exit due to movement between the substrate and tool during hot embossing. These microchips could not demonstrate ES, and therefore, it was concluded that proper nozzle formation is significant to ES generation capability of the microchips. For some embossed chips, the capillary action did not occur. Therefore, ES was not generated from these microchips. Also, during operation, it was observed that the electrospray plume was stable only when there was sufficient liquid flow at the channel outlet.
CONCLUSIONS
A novel method for generating electrospray at low voltages using hot embossed open channel polystyrene (PS) and polycarbonate (PC) microfluidic chips developed with reduced complexity is described in this paper. Stable and fine Taylor cones have been observed at the tip of the hot embossed polymer chips. Fluid is delivered as a result of electroosmosis due to an electric field and capillary action, and thus, eliminating the need for external devices (attached pressure or vacuum sources) to promote fluid flow through the microchip to the tip. The results show that the electric field for initiation and stable ES is proportional to the flow velocity of the test solution in the microchannel. Also, for open channel systems, the electric field directly relates to the distance between the channel tip and counter electrode and the onset potential applied. From experimental results, it can be concluded that for a hot embossed open-channel of 100um width, 100um depth and length 12.5mm attached to a hot-embossed open reservoir of diameter 2 mm, the optimum distance between the channel exit tip and counter electrode is 1.2mm for initiation of electrospray at voltage of ~2000 volts. The developed polymer microfluidic chips and the microdevice used in this study, demonstrate good performances in terms of stability of Taylor cone, electrospray ionization voltages and functionality. The robust laser machined tool has been found durable in the replication of polymer microfluidic chips and may allow hot embossing of electrospray chips in more rigid thermosets.
